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Abstract
It has been shown recently that the anomalies observed in B¯ → D(∗)τ ν¯τ and B¯ → K¯`+`−
decays could be resolved with just one scalar leptoquark. Fitting to the current data
on R(D(∗)) along with acceptable q2 distributions in B¯ → D(∗)τ ν¯τ decays, four best-fit
solutions for the operator coefficients have been found. In this paper, we explore the
possibilities of how to discriminate these four solutions. Firstly, we find that two of them
are already excluded by the decay B−c → τ−ν¯τ , because the predicted decay widths have
already overshot the total width ΓBc . It is then found that the remaining two solu-
tions result in two effective Hamiltonians governing b → cτ ν¯τ transition, which differ by
a sign and enhance the absolute value of the coefficient of c¯LγµbL τ¯Lγ
µντL operator by
about 12%. However, they give nearly the same predictions as in the SM for the D∗
and τ longitudinal polarizations as well as the lepton forward-backward asymmetries in
B¯ → D(∗)τ ν¯τ decays. For the other observables like B(B−c → τ−ν¯τ ), B(B−c → γτ−ν¯τ ),
RD(∗)(q
2), dB(B¯ → D(∗)τ ν¯τ )/dq2 and B(B¯ → Xcτ ν¯τ ), on the other hand, the two so-
lutions give sizable enhancements relative to the SM predictions. With measurement of
B−c → τ−ν¯τ at LHCb and refined measurements of observables in B¯ → D(∗)τ ν¯τ at both
LHCb and Belle-II, such a specific NP scenario could be further deciphered.
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1 Introduction
With the discovery of heavy quark spin-flavor symmetry and the formulation of heavy quark
effective theory (HQET) [1–5], it has become clear that the physical observables in semi-leptonic
B¯ → D(∗)`ν¯` could be rather reliably predicted within the Standard Model (SM), especially
at the zero recoil point, allowing therefore a reliable determination of the Cabibbo-Kobayashi-
Maskawa (CKM) element Vcb. It is also believed that the effect of New Physics (NP) beyond
the SM should be tiny since these decays are induced by the tree-level charged current.
However, the BaBar [6, 7], Belle [8, 9] and LHCb [10] collaborations have recently observed
anomalies in the ratios
R(D(∗)) =
B(B¯ → D(∗)τ ν¯τ )
B(B¯ → D(∗)`ν¯`) , ` = e/µ . (1.1)
The Heavy Flavor Average Group (HFAG) gives the average values [11]
R(D)avg =0.397± 0.040± 0.028 ,
R(D∗)avg =0.316± 0.016± 0.010 , (1.2)
which exceed the SM predictions [12, 13]
R(D)SM =0.300± 0.008 ,
R(D∗)SM =0.252± 0.003 , (1.3)
by 1.9σ and 3.3σ, respectively. Especially when the R(D)-R(D∗) correlation of −0.21 is taken
into account, the tension with the SM predictions would be at 4.0σ level [11]. Theoretically,
R(D) and R(D∗) can be rather reliably calculated, because they are independent of the CKM
element |Vcb| and, to a large extent, of the B → D(∗) transition form factors.
The above anomalies have been investigated extensively both within model-independent
frameworks [14–35], as well as in some specific NP models where the b → cτ ν¯τ transition is
mediated by leptoquarks [14, 15, 36–44], charged Higgses [14, 45–55], charged vector bosons [14,
56–58], and sparticles [59–61]. It is also interesting to point out that, besides the branching
ratios, the measured differential distributions dΓ(B¯ → D(∗)τ ν¯)/dq2 by BaBar [7] and Belle [8, 9]
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provide very complementary information to distinguish NP from the SM as well as different
NP models from each other [14, 39, 45].
With both the ratios R(D(∗)) and the q2 spectra taken into account, Freytsis, Ligeti and
Ruderman have identified viable models with leptoquark mediators, which are consistent with
minimal flavor violation and could provide good fits to the current data; especially, four best-fit
solutions are found for the operator coefficients induced by scalar leptoquarks [14]. With this
observation, Bauer and Neubert have recently proposed a very simple NP model by extending
the SM with a single TeV-scale scalar leptoquark φ transforming as (3,1,−1
3
) under the SM
gauge group, and shown that the anomalies observed in B¯ → D(∗)τ ν¯, B¯ → K¯`+`− [62], as
well as the anomalous magnetic moment of muon [63] can be explained in a natural way, while
constraints from other precision measurements in the flavor sector are also satisfied without
fine-tuning [40].
To further test such an interesting scenario, in this paper, we shall explore in detail the effect
of the scalar leptoquark on the purely leptonic B−c → τ−ν¯τ , the radiative leptonic B−c → γτ−ν¯τ ,
the exclusive semi-leptonic B¯ → D(∗)τ ν¯τ , and the inclusive semi-leptonic B → Xcτ ν¯τ decays. It
is found that two of the four best-fit solutions obtained in Ref. [14] are already excluded by the
decay B−c → τ−ν¯τ , because the predicted decay widths have already overshot the total width
ΓBc . The remaining two solutions result in two effective Hamiltonians that differ by a sign, but
give almost the same predictions as in the SM for the D∗ and τ longitudinal polarizations as
well as the lepton forward-backward asymmetries in B¯ → D(∗)τ ν¯τ decays. For the observables
B(B−c → τ−ν¯τ ), B(B−c → γτ−ν¯τ ), RD(∗)(q2), dB(B¯ → D(∗)τ ν¯τ )/dq2 and B(B¯ → Xcτ ν¯τ ), on the
other hand, the two solutions give sizable enhancements relative to the SM predictions. With
measurement of B−c → τ−ν¯τ at LHCb and refined measurements of observables in B¯ → D(∗)τ ν¯τ
at both LHCb and Belle-II, such a specific NP scenario could be further deciphered.
This paper is organized as follows: In section 2, we recapitulate the scenario with just
one scalar leptoquark introduced in Ref. [40]. In section 3, we consider the purely leptonic
B−c → τ−ν¯τ decay, from which two of the four best-fit solutions for the operator coefficients
are found to be already excluded. The effects of the remaining two solutions on B−c → γτ−ν¯τ ,
B¯ → D(∗)τ ν¯τ and B → Xcτ ν¯τ decays are then investigated in section 4. Our conclusions are
finally made in section 5. Appendixes A and B contain the formulae relevant to these decays.
3
2 The one scalar leptoquark scenario
In this section, we recapitulate the model proposed very recently by Bauer and Neubert [40],
where a single TeV-scale leptoquark φ is added to the SM to address the aforementioned
anomalies in flavor physics. The new scalar φ transforms as (3,1,−1
3
) under the SM gauge
group, and its couplings to fermions are described by the Lagrangian [38, 40]
Lφint = Q¯cLλLiτ2Lφ∗ + u¯cRλRlRφ∗ + h.c. , (2.1)
where λL,R are the Yukawa coupling matrices in flavor space, QL, L denote the left-handed
quark and lepton doublet, uR, lR the right-handed up-type quark and lepton singlet respectively,
and ψc = Cψ¯T , ψ¯c = ψTC (C = iγ2γ0) are the charge-conjugated spinors. Rotating the
Lagrangian from the weak to the mass basis for quarks and charged leptons, the interaction
terms take the form
Lφint = u¯cLλLullLφ∗ − d¯cLλLdννLφ∗ + u¯cRλRullRφ∗ + h.c. , (2.2)
where λLul, λ
L
dν and λ
R
ul are now the coupling matrices in mass basis, and describe the strength
of φ interactions with fermions.
Writing down the tree-level φ-exchange amplitude for the process b → cτ ν¯τ in the leading
order in k2/M2φ expansion, where k ∼ O(mb) is the momentum flowing through the φ propagator
and Mφ the leptoquark mass, and then performing the Fierz transformation of the resulting
four-fermion operators, one can get the effective Hamiltonian
Hφeff =−
1
2M2φ
[
λLbντλ
L∗
cτ b¯
cγµPRc
c τ¯ γµPLντ + λ
L
bντλ
R∗
cτ (b¯
cPLc
c τ¯PLντ +
1
4
b¯cσµνPLc
c τ¯σµνPLντ )
]
,
(2.3)
where PL,R = (1∓γ5)/2 are the chirality projectors. Using the definitions ψc = Cψ¯T , ψ¯c = ψTC,
and the relations Cγµ = −γTµC, Cγ5 = γT5 C, one can easily arrive at the equations
b¯cγµPRc
c =− c¯γµPLb , (2.4)
b¯cPLc
c = c¯PLb , (2.5)
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b¯cσµνPLc
c =− c¯σµνPLb . (2.6)
Plugging the above three equations into Eq. (2.3) and including also the SM contribution, one
obtains then the total effective Hamiltonian governing the b→ cτ ν¯τ transition
Heff =4GF√
2
Vcb
[
CV (Mφ) c¯γµPLb τ¯γ
µPLντ + CS(Mφ) c¯PLb τ¯PLντ − 1
4
CT (Mφ) c¯σµνPLb τ¯σ
µνPLντ
]
,
(2.7)
where CV , CS, CT are the Wilson coefficients of the corresponding operators at the matching
scale µ = Mφ, and are given explicitly as
CV (Mφ) =1 +
λLbντλ
L∗
cτ
4
√
2GFVcbM2φ
,
CS(Mφ) = CT (Mφ) =−
λLbντλ
R∗
cτ
4
√
2GFVcbM2φ
. (2.8)
In order to re-sum potentially large logarithmic effects and to make predictions for physical
observables, the Wilson coefficients given by Eq. (2.8) should be run down to the characteristic
scale of the processes we are interested in, i.e., µb ∼ mb. While the vector current is conserved
and needs not be renormalized, the evolutions at the leading logarithmic approximation of the
scalar CS and tensor CT coefficients are given, respectively, by [64]
CS(µb) =
[
αs(mt)
αs(µb)
] γS
2β
(5)
0
[
αs(Mφ)
αs(mt)
] γS
2β
(6)
0 CS(Mφ) ,
CT (µb) =
[
αs(mt)
αs(µb)
] γT
2β
(5)
0
[
αs(Mφ)
αs(mt)
] γT
2β
(6)
0 CT (Mφ) , (2.9)
where γS = −8 [65] and γT = 8/3 [66] are the LO anomalous dimensions of QCD scalar and
tensor currents respectively, and β
(f)
0 = 11 − 2nf/3 the LO beta function coefficient, with nf
being the number of active quark flavors.
As detailed in Ref. [14], such a scalar leptoquark scenario introduced above could provide
good explanations to the R(D) and R(D∗) anomalies along with acceptable q2 spectra. Taking
Mφ = 1 TeV as a benchmark and performing a two-dimensional χ
2 fit, they found four best-
fit solutions with χ2min < 5 for the operator coefficients, which are listed below and denoted,
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respectively, as PA, PB, PC , PD:
(λLbντλ
L∗
cτ , λ
L
bντλ
R∗
cτ ) = (C
′′
SR
, C ′′SL) =

( 0.35, −0.03), PA
( 0.96, 2.41), PB
(−5.74, 0.03), PC
(−6.34, −2.39), PD
. (2.10)
It is noticed that only the solution PA is adopted by Bauer and Neubert [40], arguing that the
other three require significantly larger couplings. It would be worth investigating whether the
four best-fit solutions could be discriminated from each other using the processes mediated by
the same effective operators given by Eq. (2.7). To this end, in addition to B¯ → D(∗)τ ν¯τ , we
shall examine their effects on B−c → τ−ν¯τ , B−c → γτ−ν¯τ and B → Xcτ ν¯τ decays.
As a final comment, it should be noted that the interaction Lagrangian Eq. (2.2) also
gives rise to tree-level neutral quark and lepton currents; after integrating out the scalar lep-
toquark and performing the Fierz transformation, one encounters the operators (u¯iuj)(`
+`−)
and (d¯idj)(ν¯ν), the Wilson coefficients of which can be constrained, for example, by the rare
decays D0 → µ+µ− and D+ → pi+µ+µ−, as well as B → Xsνν¯, B → K(∗)νν¯ and K → piνν¯,
respectively. For more information about the low-energy constraints on the model, we refer the
reader to Refs. [14, 38, 40].
3 The effects of scalar leptoquark in Bc and B decays
In this section, we explore the effects of the scalar leptoquark φ with the four best-fit solutions
in the Bc and B-meson decays.
3.1 Purely leptonic decay B−c → τ−ν¯τ
Firstly, we investigate the effect of φ on the purely leptonic decay B−c → τ−ν¯τ , the decay
amplitude of which, including both the SM and NP contributions, can be written as
A(B−c → τ−ν¯τ ) =i
GFVcb√
2
[
CV 〈0|c¯γµγ5b|Bc〉 τ¯ γµ(1− γ5)ντ + CS 〈0|c¯γ5b|Bc〉 τ¯(1− γ5)ντ
]
.
(3.1)
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Together with the definition of the Bc-meson decay constant fBc , 〈0|c¯γµγ5b|Bc(p)〉 = ifBcpµ,
and using the equation of motion, one can express the matrix element of pseudoscalar current
as 〈0|c¯γ5b|Bc(p)〉 = − ifBcm
2
Bc
mb(µb)+mc(µb)
. The decay width for this process then reads
Γ(B−c → τ−ν¯τ ) =
G2F
8pi
|Vcb|2f 2Bcm3Bc
m2τ
m2Bc
(
1− m
2
τ
m2Bc
)2 ∣∣∣∣∣CV − CS m2Bcmτ[mb(µb) +mc(µb)]
∣∣∣∣∣
2
, (3.2)
where CV and CS are the Wilson coefficients of (axial)vector and (pseudo)scalar operators, and
mb and mc the current quark masses, all being given at the scale µb = mb.
With the input parameters collected in Table 1 and fBc = 0.434 GeV [67], we get
Γ(B−c → τ−ν¯τ ) =

2.22× 10−2 ΓBc , SM
2.45× 10−2 ΓBc , PA
1.33 ΓBc , PB
2.39× 10−2 ΓBc , PC
1.31 ΓBc , PD
, (3.3)
which are normalized to the total decay width ΓBc = 1/τBc = 1/0.507 ps
−1 [68]. The results
labelled by PA,B,C,D are obtained using the four best-fit solutions given by Eq. (2.10) and with
Mφ = 1 TeV. Clearly, one can see that two of the four solutions, PB and PD, are already
excluded by the decay B−c → τ−ν¯τ , because the predicted decay widths have already overshot
the total width ΓBc . Therefore, in the following, we need only consider the remaining two
best-fit solutions PA and PC .
3.2 Comparison between the solutions PA and PC
Before going to detail their effects on the other decays, we give firstly a comparison between the
remaining two best-fit solutions PA and PC . Plugging into the effective Hamiltonian Eq. (2.7)
the fitted values of the effective couplings in PA and PC solutions, we get
Hfit =4GF√
2
Vcb

[
1 +
(
0.129 for PA
−2.117 for PC
)]
c¯γµPLb τ¯γ
µPLντ +
(
0.018 for PA
−0.018 for PC
)
c¯PLb τ¯PLντ
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+(
−0.002 for PA
0.002 for PC
)
c¯σµνPLb τ¯σ
µνPLντ
 , (3.4)
which have been run down from the scale µ = Mφ = 1 TeV to the scale µ = mb = 4.18 GeV.
It is observed that the coefficients of the operator c¯γµPLb τ¯γ
µPLντ ,
CfitV =
 1.129, for PA−1.117, for PC , (3.5)
have nearly the same absolute values, both enhancing the SM result by ∼ 12%, but the sign of
solution PC is flipped relative to the SM. Furthermore, the ∼ 1.2% difference in |CfitV | would be
too small to be discriminated from each other phenomenologically. For the other two operators,
on the other hand, the two solutions PA and PC result in the same (tiny) values of coefficients
but with opposite signs.
4 Effects of solutions PA and PC in B
−
c → γτ−ν¯τ , B¯ →
D(∗)τ ν¯τ and B → Xcτ ν¯τ decays
In this section, we study the effects of solutions PA and PC in B
−
c → γτ−ν¯τ , B¯ → D(∗)τ ν¯τ
and B → Xcτ ν¯τ decays. All the relevant analytic formulae for these decays are collected in
Appendixes A and B. In Table 1, we list the input parameters used in our numerical analyses,
with all the other ones taken from the Particle Data Group [68].
We give our predictions for the observables in B−c → γτ−ν¯τ , B¯ → D(∗)τ ν¯τ and B → Xcτ ν¯τ
decays both within the SM as well as in the one scalar leptoquark scenario with the operator
parameters taking the values labelled by PA and PC in Eq. (2.10). The theoretical uncertainty
for an observable is evaluated by varying each input parameter within its corresponding allowed
ranges and then adding the individual uncertainties in quadrature [75–77].
4.1 B−c → γτ−ν¯τ
Firstly, we present our predictions for the branching ratio by just giving their center values,
which are shown in Table 2. In our calculation, we adopt the cut condition for the photon energy
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Table 1: Input parameters used in our numerical analyses.
Parameter Value Reference(s)
αs(MZ) 0.1185± 0.0006 [68]
αe 1/128 [68]
mt (173.21± 0.87) GeV [68]
mb(mb) (4.18± 0.03) GeV [68]
mc(mc) (1.275± 0.025) GeV [68]
τB+ (1.638± 0.004) ps [68]
τB0 (1.520± 0.004) ps [68]
|Vcb| (41.1± 1.3)× 10−3 [68]
ρ2D 1.086± 0.070 [69–71]
V1(1) 0.908± 0.017 [72]
ρ2D∗ 1.207± 0.026 [73]
hA1(1) 0.908± 0.017 [74]
R1(1) 1.406± 0.033 [73]
R2(1) 0.853± 0.020 [73]
Table 2: Branching ratios of B−c → γτ−ν¯τ both within the SM and in the PA and PC cases.
Observable SM PA PC
B(B−c → γτ−ν¯τ )× 105 2.36 3.01 2.94
Eγ ≥ 1GeV, and take the constituent quark mass values mb = 4.8 GeV, mc = 1.5 GeV [78, 79].
From Table 2, one can see that the branching ratios are enhanced by about 27% in both
the PA and PC cases, relative to our SM prediction, which is in agreement with the ones in the
literatures [79–85].
In Fig. 1, we present the dependence of the differential branching ratios on the photon
energy Eγ. One can see that the effects of solutions PA and PC are both significant in the
9
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Figure 1: The dependence of the differential branching ratios on the photon energy Eγ.
region 1 GeV < Eγ < 1.5 GeV, but become tiny near the end point Eγ = (m
2
Bc
−m2τ )/(2mBc).
While being enhanced both in the PA and PC cases, the predicted differential branching ratios
coincide almost with each other and are therefore indistinguishable.
It is well-known that, while the width for a purely leptonic decay of a charged pseudoscalar
meson is helicity suppressed by m2`/m
2
P+ (mP+ is the meson mass), the corresponding radiative
leptonic decay relieves the helicity suppression, and enhances the decay rate, especially for
` = e, µ, at expense of much larger theoretical uncertainties [86–89]. For the B−c → (γ)τ−ν¯τ
decays, however, this is not the case; since B−c → τ−ν¯τ does not suffer so much from the helicity
suppression, the photons radiated from heavy quarks and heavy τ do not enhance the decay
rate, and the resulting extra electromagnetic coupling αe will suppress B
−
c → γτ−ν¯τ [79–85].
Together with the lattice QCD calculation of the decay constant fBc [67], B(B−c → τ−ν¯τ )
could be reliably predicted. To test the one scalar leptoquark scenario, the purely leptonic
decay B−c → τ−ν¯τ is very powerful, especially if LHCb could measure the branching ratio
B(B−c → τ−ν¯τ ) with a precision of 5%, since the remaining two best-fit solutions PA and
PC just enhance it by 10% and 8%, respectively, as shown in Eq. (3.3). However, unlike the
measurements of B−u → τ−ν¯τ at BaBar and Belle operated at the Υ(4S) resonance with B±u
produced in pairs, it would be extremely difficult to measure B−c → τ−ν¯τ at LHCb, because the
presence of at least two neutrinos perB−c decay and the inability to impose kinematic constraints
on the center-of-mass energy make background rejection incredibly challenging. The radiative
mode would face even more challenges from vetoing photons from excited B∗c → Bcγ decays.
While being very challenging, it is worthwhile for LHCb to make delicately experimental studies
10
Table 3: Theoretical and experimental values of R(D(∗)) and B(B¯ → D(∗)τντ ) (in unit of 10−2),
both within the SM and in the PA and PC cases. The statistical and systematic uncertainties
have been added in quadrature for the experimental data.
Observable SM PA PC Exp
R(D) 0.298± 0.009 0.388± 0.012 0.380± 0.011 0.397± 0.049 [11]
R(D∗) 0.253± 0.002 0.325± 0.002 0.318± 0.002 0.316± 0.019 [11]
B(B¯ → Dτν) 0.72± 0.06 0.94± 0.07 0.92± 0.07 1.07± 0.18 [68]
B(B¯ → D∗τν) 1.30± 0.04 1.67± 0.05 1.64± 0.04 1.64± 0.15 [68]
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Figure 2: The q2 distributions of the differential branching fractions for B¯ → Dτν¯τ (a) and
for B¯ → D∗τ ν¯τ (b) decays.
of these decays thanks to the high luminosity and the large B−c production cross-section at the
LHC [90].
4.2 B¯ → D(∗)τ ν¯τ
In this subsection, we present firstly in Table 3 our predictions for the ratios R(D(∗)) and the
branching fractions B(B¯ → D(∗)τντ ), both within the SM and in the PA and PC cases. One
can see from the table that the values of R(D(∗)) in both the PA and PC cases coincide very
well with the experimental data, as it should be.
We now analyze in turn the q2 distributions of the differential branching fractions (shown
in Fig. 2), the ratios RD(∗)(q
2) (Fig. 3), the polarizations of τ (Fig. 4) and D∗ (Fig. 5 (a)), as
11
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Figure 3: The q2 distributions of the ratios RD(q
2) (a) and RD∗(q
2) (b).
well as the lepton forward-backward asymmetry defined as the relative difference between the
partial decay rates where the angle θ between D(∗) and τ three-momenta in the τ -ν¯τ center-of-
mass frame is greater or smaller than pi/2 (cf. Eq. (A.9)) (Figs. 5 (b) and 5 (c)) in B¯ → D(∗)τ ν¯τ
decays. For simplicity, we plot only the central values of these observables at each q2 point.
From these figures, we make the following observations:
• As shown in Fig. 2, the differential branching ratio dB(B¯ → Dτν¯τ )/dq2 is largely enhanced
around q2 ∼ 7 GeV2, while dB(B¯ → D∗τ ν¯τ )/dq2 around 8 GeV2. Furthermore, both PA
and PC predict similar q
2 behaviors as in the SM for these two observables. As the
measured differential distributions by BaBar [7] and Belle [8, 9] are still quite uncertain,
it is currently unable to discriminate the NP from the SM predictions. More precise
SM
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PC
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0.2
P ΤD
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(b)
Figure 4: The q2 distributions of the τ longitudinal polarization in B¯ → Dτν¯τ (a) and in
B¯ → D∗τ ν¯τ (b) decays.
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Figure 5: The q2 distributions of the D∗ longitudinal polarization in B¯ → D∗τ ν¯τ (a), and that
of the lepton forward-backward asymmetries in B¯ → Dτν¯τ (b) and in B¯ → D∗τ ν¯τ (c) decays.
measurements of these observables by LHCb and Belle-II are, therefore, very necessary.
• From Fig. 3, one can see that the scalar leptoquark effects provide overall enhancements
for both RD(q
2) and RD∗(q
2) in the whole kinematic region. However, the enhancement is
small for RD(q
2), but quite large for RD∗(q
2) in the large q2 region. This could be tested
at Belle-II in the near future.
• As shown in Figs. 4 and 5, for the τ and D∗ longitudinal polarizations, as well as the
lepton forward-backward asymmetries in these decays, results obtained in the PA and PC
cases coincide not only with each other, but also with the corresponding SM predictions.
This is naively what should be expected, because the scalar leptoquark effects appear
both in the numerator and in the denominator of these observables and are cancelled to
a large extent, making these observables almost independent of their contributions.
4.3 B → Xcτ−ν¯τ
Finally, we consider the inclusive semi-leptonic B-meson decays. Similar to the case in exclusive
decays, we can also define a ratio R(Xc) for inclusive decay rates,
R(Xc) =
B(B¯ → Xcτ ν¯τ )
B(B¯ → Xc`ν¯`) , ` = e/µ , (4.1)
which can be calculated precisely with an operator product expansion [4, 91–94]. With the
most recent world average B(B− → Xceν¯e) = (10.92 ± 0.16)% [73, 95], one can then get the
prediction for B(B− → Xcτ ν¯τ ), free of the large uncertainty due to the factor m5b . Here we
13
Table 4: Predictions for R(Xc) and B(B− → Xcτ ν¯τ ) in the SM and in the PA and PC cases.
Observable SM PA PC
R(Xc) 0.230 0.297 0.290
B(B− → Xcτ−ν¯τ ) 2.51% 3.24% 3.17%
consider neither the O(αs) QCD nor the O(ΛQCD/mb) power corrections, and take the heavy
quark on-shell masses with mb = 4.6 GeV and mc = 1.15 GeV [96].
Our numerical results of the ratio R(Xc) and the branching fraction B(B− → Xcτ ν¯τ ) are
given in Table 4. From the table, one can see that both R(Xc) and B(B− → Xcτ ν¯τ ) are
enhanced by the scalar leptoquark, and our SM value of R(Xc) is roughly consistent with
the recent update within the 1S short-distance mass scheme [14, 91], R(Xc) = 0.223 ± 0.004,
obtained with both the O(Λ2QCD/m2b) and the two-loop QCD corrections included [97].
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Figure 6: The qˆ2 distributions of the ratio RXc(qˆ
2) (a) and the differential branching fraction
dB(B− → Xcτ ν¯τ )/dqˆ2 (b), as well as the τ -energy spectrum dB(B− → Xcτ ν¯τ )/dy (c).
In Fig. 6, we display the qˆ2 distributions of the ratio RXc(qˆ
2), the differential branching
fraction dB(B− → Xcτ ν¯τ )/dqˆ2, as well as the differential spectrum of the τ energy dB(B− →
Xcτ ν¯τ )/dy, where qˆ
2 = q2/m2b and y = 2Eτ/mb
1. One can see that the qˆ2 distributions of these
two observables are similar to that of RD∗(q
2) and dB(B¯ → D∗τ ν¯τ )/dq2, respectively, since both
RXc(qˆ
2) and dB(B− → Xcτ ν¯τ )/dqˆ2 are also enhanced by the scalar leptoquark contributions in
the whole kinematic region, except for near the origin and the end point regions of qˆ2 for the
1It should be noted that the lowest-order (parton-level) prediction for the inclusive spectrum receives sub-
stantial corrections from nonperturbative Λ2QCD/m
2
b power corrections and shape-function convolutions in the
large q2 (kinematic endpoint) region, which is also the part of the distribution where any reported data will
likely be cleanest; for a recently detailed study, see Ref. [91].
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latter. This is due to the fact that these observables have similar relations with respect to the
operator coefficients CV , CS and CT , which can be seen from Eqs. (A.13) and (A.16). It is also
found that the τ -energy spectrum shows a different behavior than the differential branching
fraction and provides complementary information compared to the latter.
5 Conclusion
The anomalies observed in B¯ → D(∗)τ ν¯τ and B¯ → K¯`+`− decays could be resolved with just
one scalar leptoquark [40]. Fitting to the current experimental data on the ratios R(D(∗)) and
the q2 spectra of B¯ → D(∗)τ ν¯τ , four best-fit solutions denoted by PA, PB, PC and PD are
obtained [14]. In this paper, we have explored the possibilities of how to discriminate these
four solutions. Firstly, we have shown that two of them, PB and PD, are already excluded by
the purely leptonic decay B−c → τ−ν¯τ , because the predicted decay widths by PB and PD have
already overshot the total width ΓBc . The remaining two solutions PA and PC would enhance
B(B−c → τ−ν¯τ ) by 10% and 8%, respectively. Together with the lattice QCD calculation of the
decay constant fBc [67], B(B−c → τ−ν¯τ ) could be reliably predicted. Given the branching ratio
measured to a precision of a few percent at the LHCb, one could then test the interesting one
scalar leptoquark model.
By comparing the effects of PA and PC at the scale µ = mb, we find that the two solu-
tions lead to overall different sign of Hfit, but with just 1.2% difference in the coefficient CfitV
of (V − A) ⊗ (V − A) operator, which is too small to be discriminated from each other phe-
nomenologically. Furthermore, in Hfit, the coefficient |CfitV | is much larger than |CfitS | and |CfitT |,
the coefficients of the new scalar and tensor operators, respectively.
Combining these observations and our numerical results, we may draw the following con-
clusions. The one scalar leptoquark scenario gives nearly the same predictions as in the SM
for the D∗ and τ longitudinal polarizations and the lepton forward-backward asymmetries in
B¯ → D(∗)τ ν¯τ decays. Although precision measurements of these observables would be very
challenging at LHCb and/or Belle-II, any significant deviation from the SM predictions would
lead to another model for the R(D(∗)) anomalies. Otherwise, the one scalar leptoquark scenario
would be viable and good. For the other observables like B(B−c → τ−ν¯τ ), B(B−c → γτ−ν¯τ ),
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RD(∗)(q
2), dB(B¯ → D(∗)τ ν¯τ )/dq2 and B(B¯ → Xcτ ν¯τ ), on the other hand, the model could
generally give sizable enhancements relative to the SM predictions.
With future measurement of B−c → τ−ν¯τ at LHCb and refined measurements of observables
in B¯ → D(∗)τ ν¯τ decays at both LHCb and Belle-II, one could further decipher the various NP
models that provide so far good explanations of the R(D(∗)) anomalies.
Finally, we would like to point out that, due to the half-integer-spin of Λb and Λc baryons,
the semi-leptonic Λb → Λc`ν¯` decays, which are mediated by the same quark-level transition as
in B¯ → D(∗)`ν¯` decays, can provide additional polarization observables through angular decay
distribution, such as the hadron-side asymmetries in the decay Λ+c → Λ0pi+ and azimuthal cor-
relations between the two final-state decay planes [98]. While the Λb baryons are not produced
at an e+e− B-factory, they account for about 20% of the b-hadrons produced at the LHC [99],
making the experimental study of these decays very promising in the near future. It would be,
therefore, very interesting to make a comprehensive analysis of the scalar leptoquark effect in
these baryonic decays, which will be presented in a forthcoming work [100].
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A Analytic formulae of B−c → γτ−ν¯τ , B¯ → D(∗)τ ν¯τ and
B → Xcτ ν¯τ
In this appendix, we give all the relevant formulae used to calculate the observables in B−c →
γτ−ν¯τ , B¯ → D(∗)τ ν¯τ and B → Xcτ ν¯τ decays.
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A.1 The radiative leptonic decay B−c → γτ−ν¯τ
Starting from the effective Hamiltonian Eq. (2.7), we find that there are only three tree-level
Feynman diagrams contributing to B−c → γτ ν¯τ , which are shown in Fig. 7.
γ
c¯
τ
b
ν¯τ
Bc
(a)
c¯ γ
τ
b
ν¯τ
Bc
(b)
c¯
τ
γ
b
ν¯τ
Bc
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Figure 7: The leading-order Feynman diagrams for Bc → γτ ν¯τ , starting with the effective
Hamiltonian Eq. (2.7).
To calculate these Feynman diagrams, we adopt the peaking approximation for the Bc-
meson wave functions, φBc(xc) = δ(xc − mcmBc ), with xc being the momentum fraction of the c
quark [101–105]. The spinor part of the Bc-meson projector is given by [106, 107]
− i
4
fBc(p/Bc +mBc)γ5 . (A.1)
Then we get the amplitudes for Figs. 7(a), 7(b) and 7(c) containing both the SM and the scalar
leptoquark contributions
A(a) =− i4GF√
2
Vcb(−ie
3
)(− i
4
fBc)
i
p¯2b −m2b
{
Tr [CV γµPL(p¯b/ +mb)γρ(pBc/ +mBc)γ5] 
ρ∗τ¯ γµPLντ
+ Tr [CSPL(p¯b/ +mb)γρ(pBc/ +mBc)γ5] 
ρ∗τ¯PLντ
+ Tr [CTσµνPL(p¯b/ +mb)γρ(pBc/ +mBc)γ5] 
ρ∗τ¯σµνPLντ
}
, (A.2)
A(b) =− i4GF√
2
Vcb(
2ie
3
)(− i
4
fBc)
i
p¯2c −m2c
{
Tr [CV γρ(p¯c/ +mc)γµPL(pBc/ +mBc)γ5] 
ρ∗τ¯ γµPLντ
+ Tr [CSγρ(p¯c/ +mc)PL(pBc/ +mBc)γ5] 
ρ∗τ¯PLντ
+ Tr [CTγρ(p¯c/ +mc)σµνPL(pBc/ +mBc)γ5] 
ρ∗τ¯σµνPLντ
}
, (A.3)
A(c) =− i4GF√
2
Vcb(−ie)−ifBc
2
i
p¯2τ −m2τ
[
CV p
µ
Bc
τ¯ γρ(p¯/τ +mτ )γµPLντ 
ρ∗
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− CSmBc τ¯ γρ(p¯/τ +mτ )PLντ ρ∗
]
, (A.4)
where CV,S,T are the Wilson coefficients of the corresponding operators at the scale µ = mb,
and p¯b = pb− k, p¯c = k− pc and p¯τ = pτ + k are, respectively, the momentum of the b, c and τ
propagators, with pb =
mb
mBc
pBc , pc =
mc
mBc
pBc and k the momentum of the photon. The photon
energy dependence of the differential branching ratio is given by
dB(B−c → γτ−ν¯τ )/dEγ =
∫
dEντ
τBc
2mBc
∣∣A(a) +A(b) +A(c)∣∣2 dΦ3 , (A.5)
where dΦ3 =
1
32pi3
dEγdEντ is the three-body phase space. Integrating over the photon energy
Eγ, one can then obtain the total branching ratio.
A.2 Exclusive semi-leptonic decays B¯ → D(∗)τ ν¯τ
For the exclusive semi-leptonic B¯ → Dτν¯τ and B¯ → D∗τ ν¯τ decays, we follow the helicity
amplitude formalism that is commonly used in the literatures [13, 17, 19, 38, 44]. For simplicity,
we list below the relevant formulae without any detailed derivations.
(1) B¯ → Dτν¯τ
• The differential decay rates
dΓλτ=1/2
dq2
=
G2F |Vcb|2
192pi3m3B
q2
√
λ(q2)
(
1− m
2
τ
q2
)2 {
1
2
|CV |2m
2
τ
q2
(
Hs 20 + 3H
s 2
t
)
+
3
2
|CS|2
Hs 2 + 8|CT |2Hs 2+− + 3<[CVC∗S]
mτ√
q2
HsHst − 4<[CVC∗T ]
mτ√
q2
Hs+−H
s
0
}
,
dΓλτ=−1/2
dq2
=
G2F |Vcb|2
192pi3m3B
q2
√
λ(q2)
(
1− m
2
τ
q2
)2 {
|CV |2Hs 20 + 16|CT |2
m2τ
q2
Hs 2+−
− 8<[CVC∗T ]
mτ√
q2
Hs+−H
s
0
}
,
dΓ
dq2
=
dΓλτ=1/2
dq2
+
dΓλτ=−1/2
dq2
, (A.6)
where λ(∗)(q2) = λ(m2B,m
2
D(∗) , q
2) with λ(a, b, c) = a2 + b2 + c2 − 2(ab+ bc+ ca), Hs
are the hadronic amplitudes given in Appendix B, and all the Wilson coefficients
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Ci (i = V, S, T ) are evaluated at the scale µb = mb.
• The q2 dependent ratio
RD(q
2) =
dΓ(B¯ → Dτν¯τ )/dq2
dΓ(B¯ → D`ν¯`)/dq2 , (A.7)
where ` denotes the light lepton (e or µ).
• The longitudinal polarization of τ
PDτ (q
2) =
dΓλτ=1/2/dq2 − dΓλτ=−1/2/dq2
dΓλτ=1/2/dq2 + dΓλτ=−1/2/dq2
. (A.8)
• The lepton forward-backward asymmetry
AFB(q
2) =
∫ 1
0
d cos θ(d2Γ/dq2d cos θ)− ∫ 0−1 d cos θ(d2Γ/dq2d cos θ)
dΓ/dq2
, (A.9)
where θ is the angle between the three-momentum of τ and that of the D meson in
the τ -ν¯τ center-of-mass frame. Writing the double-differential decay rates as [44]
d2Γ
dq2d cos θ
= aθ(q
2) + bD
(∗)
θ (q
2) cos θ + cθ(q
2) cos2 θ , (A.10)
one can then see clearly that the coefficient bθ determines the lepton forward-
backward asymmetry, with
ADFB(q
2) = bDθ (q
2) =
G2F |Vcb|2
128pi3m3B
q2
√
λ(q2)
(
1− m
2
τ
q2
)2 {
|CV |2m
2
τ
q2
Hs0H
s
t + <[CVC∗S]
mτ√
q2
HsHs0 − 4<[CVC∗T ]
mτ√
q2
Hs+−H
s
t − 4<[CSC∗T ]Hs+−Hs
}
, (A.11)
and
AD
∗
FB(q
2) = bD
∗
θ (q
2) =
G2F |Vcb|2
128pi3m3B
q2
√
λ∗(q2)
(
1− m
2
τ
q2
)2 {
|CV |2
[1
2
(
H+ 2+ −H− 2−
)
+
m2τ
q2
H00H
0
t
]
+ 8|CT |2m
2
τ
q2
· (H0 2+t −H0 2−t )−<[CVC∗S] mτ√
q2
H0H00−4<[CVC∗T ]
mτ√
q2
(
H0+−H
0
t +H
0
+tH
+
+−H0−tH−−
)
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+ 4<[CSC∗T ]H0+−H0
}
. (A.12)
(2) B¯ → D∗τ ν¯τ
• The differential decay rates
dΓλτ=1/2
dq2
=
G2F |Vcb|2
192pi3m3B
q2
√
λ∗(q2)
(
1− m
2
τ
q2
)2 {
1
2
|CV |2m
2
τ
q2
(
H+ 2+ +H
− 2
− +H
0 2
0 +H
0 2
t
)
+
3
2
|CS|2H0 2 + 8|CT |2
(
H+ 2+t +H
− 2
−t +H
0 2
+−
)− 3<[CVC∗S] mτ√
q2
H0H0t
− 4<[CVC∗T ]
mτ√
q2
(
H0+−H
0
0 +H
+
+tH
+
+ +H
−
−tH
−
−
)}
,
dΓλτ=−1/2
dq2
=
G2F |Vcb|2
192pi3m3B
q2
√
λ∗(q2)
(
1− m
2
τ
q2
)2 {
|CV |2
(
H+ 2+ +H
− 2
− +H
0 2
0
)
+ 16|CT |2m
2
τ
q2(
H+ 2+t +H
− 2
−t +H
0 2
+−
)− 8<[CVC∗T ] mτ√
q2
(
H0+−H
0
0 +H
+
+tH
+
+ +H
−
−tH
−
−
)}
,
dΓλD∗=±1
dq2
=
G2F |Vcb|2
192pi3m3B
q2
√
λ∗(q2)
(
1− m
2
τ
q2
)2 {(
1 +
m2τ
2q2
)(|CV |2H± 2± + 8|CT |2(
1 +
2m2τ
q2
)
H± 2±t ∓ 12<[CVC∗T ]
mτ√
q2
H±±tH
±
±
}
,
dΓλD∗=0
dq2
=
G2F |Vcb|2
192pi3m3B
q2
√
λ∗(q2)
(
1− m
2
τ
q2
)2 {
|CV |2
[(
1 +
m2τ
2q2
)
H0 20 +
3
2
m2τ
q2
H0 2t
]
+
3
2
|CS|2H0 2 + 8|CT |2
(
1 +
2m2τ
q2
)
H0 2+− − 3<[CVC∗S]
mτ√
q2
H0H0t
− 12<[CVC∗T ]
mτ√
q2
H0+−H
0
0
}
. (A.13)
Besides the observables similar to that defined in B− → Dτ−ν¯τ , there are another two
observables in this process, i.e., the longitudinal and transverse polarizations of the D∗
meson defined, respectively, by
PD
∗
L (q
2) =
dΓλD∗=0/dq2
dΓλD∗=0/dq2 + dΓλD∗=1/dq2 + dΓλD∗=−1/dq2
, (A.14)
PD
∗
T (q
2) =1− PD∗L (q2) . (A.15)
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A.3 Inclusive semi-leptonic decay B → Xcτ ν¯τ
In the heavy-quark limit mb  ΛQCD, the inclusive semi-leptonic decay rate is equivalent to
the perturbative quark-level b decay rate [4, 92–94]. This makes it possible to get the inclusive
decay rate by calculating directly the rate for the quark-level process b→ cτ ν¯τ , with the result
given by
dΓ
dqˆ2
=
G2FV
2
cbm
5
b
192pi3
(
1−xτ
qˆ2
)2
λ1/2(1, xc, qˆ
2)
[
3|CS|2(1+xc−qˆ2)qˆ2+6<[CVC∗S]x1/2c x1/2τ (1−xc+qˆ2)
+ 16|CT |2(2x2c−xc(qˆ2+4)−qˆ4−qˆ2+2)
(
1+
2xτ
qˆ2
)
−72<[CVC∗T ]x1/2c x1/2τ (1−xc+qˆ2)
+ 2|CV |2
(
(1 + xc − xτ )qˆ2 + (1− xc)2 − xτ (1 + xc) + 2(1− xc)2xτ
qˆ2
− 2qˆ4
)]
, (A.16)
where xi =
m2i
m2b
, and qˆ2 = q
2
m2b
with qˆ2 varying from xτ to (1−√xc)2. The τ -energy spectrum of
this process is given by
dΓ
dy
=
G2FV
2
cbm
5
b
192pi3
√
y2 − 4xτ (1 + xτ − xc − y)2
2(1 + xτ − y)3
[(
4|CV |2 + |CS|2
)(
2y3 − (xc + 5xτ + 5)y2
+
(
3xc(xτ + 1) + (3x
2
τ + 10xτ + 3)
)
y − 4xτ (2xc + xτ + 1)
)
+ 16|CT |2
(
14y3
− (xc + 29xτ + 29)y2 +
(
3xc(xτ + 1) + 15x
2
τ + 34xτ + 15
)
y − 4xτ (2xc + xτ + 1)
)
− 12
(
<[CVC∗S]− 12<[CVC∗T ]
)√
xc
√
xτ (1 + xτ − y)(y − 2) + 8<[CSC∗T ]
(
4y3
+ (xc − 7xτ − 7)y2 −
(
3xc(xτ + 1)− 3x2τ − 2xτ − 3
)
y + 4xτ (2xc + xτ + 1)
)]
, (A.17)
where y = 2Eτ
mb
, with y varying from 2
√
xτ to 1 + xτ − xc.
B Hadronic amplitudes in B¯ → D(∗)τ ν¯τ decays
The hadronic amplitudes in B¯ → D(∗)τ ν¯τ decays are given, respectively, as [13, 17, 38, 44]
• B¯ → Dτν¯τ
Hs0(q
2) =
√
λD(q2)
q2
F1(q
2) , Hst (q
2) =
m2B −m2D√
q2
F0(q
2) ,
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Hs(q2) =
m2B −m2D
mb −mc F0(q
2) , Hs+−(q
2) =Hs0t(q
2) = −
√
λD(q2)
mB +mD
FT (q
2) . (B.1)
• B¯ → D∗τ ν¯τ
H±± (q
2) =(mB +mD∗)A1(q
2)∓
√
λD∗(q2)
mB +mD∗
V (q2) ,
H00 (q
2) =
mB +mD∗
2mD∗
√
q2
[
−(m2B −m2D∗ − q2)A1(q2) +
λD∗(q
2)
(mB +mD∗)2
A2(q
2)
]
,
H0t (q
2) =−
√
λD∗(q2)
q2
A0(q
2) , H0(q2) =
√
λD∗(q2)
mb +mc
A0(q
2) ,
H±±t(q
2) =
1√
q2
[
(m2B −m2D∗)T2(q2)±
√
λD∗(q2)T1(q
2)
]
,
H0+−(q
2) =H00t(q
2) =
1
2mD∗
[
−(m2B + 3m2D∗ − q2)T2(q2) +
λD∗(q
2)
m2B −m2D∗
T3(q
2)
]
, (B.2)
where all the B → D and B → D∗ form factors are taken from Refs. [44, 108], except for S1(w),
for which we use the form given by Eq. (A6) in Ref. [51].
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